Abstract-A key point of Fifth Generation (5G) wireless networking will be the exploitation of higher frequency bands in the millimeter wave (mm-Wave) spectrum to provide unprecedented data rates to mobile users. In such a perspective, the PHYsical (PHY) layer design priorities should be reconsidered. In this paper, we investigate Constant-Envelope Multicarrier (CE-MC) waveforms for future adoption in mm-Wave 5G transmissions, namely: Constant-Envelope Orthogonal Frequency Division Multiplexing (CE-OFDM) and Constant-Envelope Single-Carrier OFDM (CE-SC-OFDM). These waveforms are obtained by imposing a nonlinear phase modulation to a real-valued OFDM and SC-OFDM signal, respectively. Thanks to their 0dB Peak-to-Average-Power Ratio, such unconventional signaling formats are insensitive to nonlinear distortions and allow to exploit the flexibility of conventional multicarrier systems together with augmented resilience against multipath fading and phase noise. CE-OFDM and CE-SC-OFDM have been assessed by means of computer simulations in a short-range mm-Wave 5G scenario, i.e., downlink transmission in outdoor picocells. Simulation results demonstrate that CE multicarrier waveforms enhance robustness and increase coverage and capacity in the proposed scenario, as compared to conventional OFDM and SC-OFDM counterparts.
it has already been possible to implement transceivers capable of supporting unprecedented data rates of the order of some Gbps. However, there are some concerns about the transmission characteristics at such high frequencies. As claimed in [1] , the reduced size of future 5G small cells (max. 150 meters of intercell distance) will limit oxygen absorption and rain fading into acceptable ranges. However, the pathloss is still an issue if compared to that of lower frequency bands used in 4G. Moreover, the shadowing noticeably impacts on the link availability, particularly in case of Non-Line-of-Sight (NLOS) propagation [2] . From the considerations drawn above, the power efficiency of the transmission system is a requirement tendentially more stringent than spectral efficiency. In such a framework, the waveform design plays a key role. It should be pointed out that mm-Wave power amplifiers characterized by high power gain whereas satisfactory Power-Added Efficiency (PAE) are generally nonlinear with saturating Amplitude-to-Amplitude (AM/AM) characteristics. The full exploitation of the available RF power resources drives the amplifier to saturation. If the modulated waveform is characterized by high Peak-to-Average Power Ratio (PAPR), the amplifier saturation would involve huge amplitude distortion and considerable spectral regrowth. In order to avoid nonlinear distortion effects, we should use constant-amplitude signaling formats or drive the amplifier back from saturation by imposing a significant back-off to the transmitted power. The recent wireless transmission standards have considered the use of multicarrier modulations, namely: OFDM and DFT-precoded OFDM (also known as Single-Carrier (SC)-OFDM or, in the multi-user case, SC-FDMA [3] ). These waveforms offer advantages in terms of resilience against frequency-selective multipath propagation and flexible orthogonal multiple access. As they are obtained by means of an IDFT operation, state-of-theart multicarrier waveforms are generally affected by high PAPR. 99.9-percentile PAPR comparative results shown in [3] (Ch.7, Table 7 .1, pp. 132) for multicarrier-based orthogonal multiple access systems indicate the highest value (11.1 dB) for OFDMA. The PAPR of SC-FDMA mainly depends on the employed subcarrier allocation methodology (Interleaved, Localized or Distributed FDMA [3] ). Although, in all the cases, the PAPR of SC-FDMA is lower than that of OFDMA, the achieved values are still not negligible, as LFDMA and DFDMA show PAPR higher than 7 dB, whereas PAPR in IFDMA depends on modulation constellation and pulse shaping. The application of Input Backoff (IBO) may thus be necessary to limit the nonlinear distortion effects. Unfortunately, the backoff does not only reduce the Carrier Power-to-Noise Ratio (CNR), but also lowers the PAE with a consequential increase of power consumption [4] .
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modulations also in 5G [1] , [5] , but with some improvements w.r.t. the conventional formats. Therefore, instead of OFDM we usually speak of "OFDM-inspired" waveforms [5] . These are basically: Filter-Bank Multicarrier modulation (FBMC), Generalized Frequency Division Multiplexing (GFDM) and Universal Filtered Multicarrier modulation (UFMC) [5] . Such waveforms are aimed at preserving the advantages of basic multicarrier modulations, while overcoming some throughput limitations due to long cyclic prefix insertion and spectrum leakage. Indeed, the "OFDM-inspired" waveform design is mainly driven by the necessity of optimizing the exploitation of the scarce resources provided by sub-6 GHz frequency bands. We think that such a design philosophy does not reflect the claimed objectives of the "5G vision" thoroughly described in [6] , where fiber-like user experience with up to 10 Gb/s data rates are anticipated to support mobile cloud services and immersive virtual reality applications. It is stated in [6] that at least 1 GHz of supplementary spectrum is required to achieve such visionary targets. The mm-Wave bandwidth portions can provide this necessary amount of radio resources.
In this paper, we propose two waveform solutions for mmWave 5G transmission that are not only able at preserving some key advantages of multicarrier modulations, but also solving the problems inherent to the inefficient exploitation of power resources. The assessed waveforms are: Constant-Envelope OFDM (CE-OFDM), originally proposed in [7] , and ConstantEnvelope Single-Carrier OFDM (CE-SC-OFDM), whose multiuser version (CE-SCFDMA) has been presented in [8] . Both of them resort to a non-linear phase modulation applied to realvalued normalized multicarrier signal. The stand out features of such waveforms are the following:
r Fixed 0dB PAPR: the signal can be transmitted through saturating amplifiers without amplitude distortion and spectral regrowth;
r As claimed in [9] , CE-MC signals can take advantage of the correlation between subcarriers, as inherent diversity effect caused by the intermodulation, which results from the nonlinear phase modulation of the real-valued multicarrier signals. Therefore, the advantages of multicarrier modulations are still maintained together with augmented diversity against multipath fading; r CE multicarrier signals are more resilient to phase noise effects than conventional multicarrier counterparts. This is because the phase noise becomes additive after the phase demodulation [10] . The price to be paid in order to gain the aforesaid competitive advantages is an increased bandwidth occupation of the RF signal. This issue is inherent to the double-sided spectral shape of real-valued OFDM and SC-OFDM signals that are fed to the phase modulator. Considering these aspects in sight, we peform waveform assessment in two steps:
r Link performance evaluation in terms of Bit-Error-Rate (BER) in the presence of mm-Wave multipath propagation, nonlinear distortion and phase noise.
r Coverage analysis for CE multicarrier waveforms in specific 5G application scenario, namely: a downlink picocell transmission operating at 73 GHz. The link budget of the considered scenario will be computed on the basis of large scale propagation phenomena (pathloss and shadowing) along with a specific RF design, characterized by precise power constraints. To this aim, a Substrate Integrated Waveguide (SIW) slotted antenna array with squared cosecant pattern is proposed and designed in order to implement an efficient, realistic and cost-effective RF solution. The paper is structured as follows. Section II will review the state-of-the-art about the candidate waveforms for 5G applications and will highlight the innovation yielded by the present work. In Section III, CE waveforms will be described in terms of transmitted signals analysis and detection methodologies. They will then be compared with other state-of-the-art waveforms considered for 5G in the framework of mm-Wave urban transmission, providing a preliminary taxonomy of the different techniques. Section IV focuses on the description of the 5G application scenario chosen for performance evaluation. Section V will present and discuss simulation results. Paper conclusions are finally drawn in Section VI.
II. BACKGROUND AND INNOVATION

A. State-of-the-Art Overview: 5G Candidate Waveforms
Despite the well known issues, OFDM and other multicarrier modulations are still occupying the pole position in the race to become 5G multiple access technique, as clearly stated in the white paper recently published by Rohde & Schwarz GmbH & Co (D) [11] . Reading the notes of [11] , it seems that the flexibility inherent to orthogonal multiple access represents an indispensable feature also for future 5G mobile communications. Nevertheless, some authors are considering, as alternative, non-orthogonal access options [12] . Non-Orthogonal Multiple Access (NOMA) is one such technique that allows to improve system spectral efficiency as the restrictions on radio resource allocation, needed to guarantee the access orthogonality, can be avoided [12] . However, NOMA requires more complex receivers that are also in charge of interference cancellation. Moreover, as stated in [12] , the outage performance of NOMA critically depends on the choice of targeted data rates and allocated power.
In the recent work of Gerzaguet et. al. [13] , a comparison on main 5G candidate waveforms has been carried out, considering the transmission of information over sub-6 Ghz bandwidths. All the considered techniques are based on the multicarrier concept and allow orthogonal multiple access, namely: OFDM, SC-OFDM, FBMC, UFMC and GFDM.
FBMC is based on the transmission of parallel data streams with the help of IDFT processing followed by bank of modulated filters. Specifically, the output of each IDFT branch is sent to a prototype filter that is chosen to have very low adjacent channel leakage. Various implementations of FBMC are considered in practice, differentiated on the basis of chosen digital modulation format (see [13] for further details). FBMC waveforms eliminate the need for CP by means of transmit-receive prototype filter bank and one-tap equalization performed at receiver. The FBMC spectral efficiency is improved w.r.t. OFDM and SC-OFDM, however, the complexity of transmitter and receiver (TX/RX) increases thanks to the presence of narrowband highly-selective prototype filters that are usually implemented in the digital domain by means of FIR structures. UFMC is derived from OFDM waveform combined with post-filtering through which a group of subcarriers is filtered in the frequency domain [14] . Such a filtering operation leads to reduced outof-band leakage which is, otherwise, present as in the case of conventional OFDM. However, the spectral efficiency reduces due to long tail of shaping filters. Despite the inefficiency of bandwidth utilization, the overall complexity of UFMC is consistently reduced as compared to that of FBMC. GFDM is another multicarrier system that digitally implements the classical filter band approach [15] . Multiple parallel QAM-modulated data streams are aided with CP. After CP insertion, digital pulse shaping is performed subcarrier-wise together with tail biting techniques being applied to shorten the CP overhead in order to improve spectral efficiency.
The comparative analysis of [13] shows better results achieved in terms of reduced adjacent channel leakage by UFMC and FBMC, while the poorer are for GFDM and OFDM. As far as the computational complexity of TX/RX chain is concerned, conventional OFDM provides the lowest complexity with GFDM has compuational burden comparable to that of OFDM. On the other hand, FBMC and UFMC exhibit a considerably higher complexity due to involvement of subcarrier filtering operations. The PAPR analysis for the assessed waveforms shows the best results for SC-OFDM (around 7.5 dB), while the rest have almost the same high PAPR (around 10.5 dB). This implies that in the presence of nonlinear amplification, SC-OFDM gets the advantage of requiring reduced IBO, while the other 5G waveform candidates will require higher IBO in order to attain acceptable link performance.
B. Contribution of the Paper
The waveform design proposed by the literature importantly considers the maximization of spectral efficiency and the frequency agility. Indeed, as remarked by [13] , the target of these waveforms is to exploit existing underutilized fragmented spectrum in the sub-6 GHz frequency bands. However, mm-Wave transmission requires extra attention from engineers in order to address new priorities. First of all, the efficient exploitation of the power resources is a "must" in the mm-Wave spectrum band. The pathloss and shadowing are considerably huge, in particular when NLOS propagation scenarios are considered [2] . The waveforms assessed in [13] are all characterized by high PAPR and require considerable power back-offs for nonlinear amplifiers. The vulnerability to phase noise is another critical aspect in multicarrier modulations. As shown in the detailed analysis of [16] , phase noise can compromise subcarrier orthogonality by introducing Inter-Channel Interference (ICI) at the receiver.
We believe that these two issues can be efficiently solved by adopting a different waveform design. In few words, we are seeking for waveforms that can preserve the non-questionable advantages of multicarrier in terms of flexibility and orthogonal multiple access efficiency, while avoiding the capacity reduction due to the presence of nonlinear distortions and phase noise. Constant-Envelope (CE) multicarrier modulations, namely: CE-OFDM [7] and CE-SC-OFDM [8] seem to cope quite well with the aforesaid requirements. CE multicarrier signals have PAPR identically equal to 0dB, thus allowing IBO-free transmission. Moreover, they exhibit improved robustness against frequencyselective multipath fading thanks to the augmented frequency diversity yielded by nonlinear phase modulation [8] , [9] . Finally, as shown in [10] , CE multicarrier waveforms offer better performance than conventional OFDM-based counterparts in the presence of high-frequency noisy oscillators [10] . This is primarily due to phase modulation characteristics of the signal that considers phase noise as an additive impairment.
The drawback of CE-OFDM is related to the throughput reduction of (at least) 50% w.r.t. conventional OFDM, mainly because the double-sided spectrum of real-valued IDFT employed in CE multicarrier signaling. However, if we consider the presence of frequency-selective multipath fading and nonlinear amplification, the scenario completely changes in favor of CE multicarrier waveforms, as clearly shown in [7] and [8] . We believe that such considerations fully motivate the enrollment of these signalling formats in the competition for 5G waveform selection.
In the recent literature, some papers have been published, dealing with practical applications of CE-OFDM in highly differentiated communication and networking contexts. In [17] , it has been used as alternative to OFDM in radar-based target detection. In [18] and [19] , it has been investigated for short-reach multimode fiber links and impulsive noise power-line communication channels. The investigation of this waveform for mmWave transmission is very recent with few published work. In [20] , Magueta et. al proposed a new space-frequency equalizer for MIMO CE-OFDM transmission over mm-Wave multipath channels. The adoption of CE-OFDM for broadband mm-Wave 5G transmission systems has been preliminary discussed in [21] by the same authors of this paper. The present paper can be thus regarded as an extension of [21] , with additional analyses and evaluations are presented to assess the viability of CE multicarrier waveforms in realistic mm-Wave 5G transmission scenarios. The novel contributions of this work w.r.t. [21] can be summarized as follows:
r Both CE-OFDM and CE-SC-OFDM have been assessed, whereas [21] only dealt with CE-OFDM; r More insightful details about CE multicarrier waveforms generation, spectral efficiency and trasnsmission/detection have been provided. Critical comparison with other 5G waveform candidates has been discussed; r Alternative solutions for performing task of basic arctangent detector have been discussed for phase demodulation in subection III-A (namely: the low-complexity CE multicarrier detectors of [22] ) and tested in the simulation trials; r A deeper comparative link performance analysis has been provided in Section V, including the effects of phase noise, which are neglected in [21] ; r The coverage, expressed in terms of BER and goodput availability vs. distance, has been carefully assessed in the picocell downlink scenario by considering the threestate channel model of [2] . In [21] , such kind of analysis was only roughly sketched. SIW antenna design has been improved w.r.t. that proposed in [21] . Moreover, we emphasize that the added value of this work w.r.t [20] is offered in terms of a complete end-to-end system analysis and performance assessment in the framework of a mm-Wave 5G broadband application scenario. The focus of [20] is rather on a specific space-frequency signal processing technique, aimed at improving the efficiency of MIMO CE-OFDM detection in a mm-Wave multipath channel.
III. CONSTANT-ENVELOPE MULTICARRIER WAVEFORMS
A. Constant-Envelope OFDM (CE-OFDM)
CE-OFDM waveform revolves around nonlinear phase modulation applied to real-valued OFDM signal generated in the baseband digital domain (see Fig. 1 ). In order to practically obtain the baseband real-valued OFDM signal, a conjugate-symmetric symbol vector is generated every T seconds, starting from N 
where L is an even integer power of two. The output of conjugate-symmetric block V cs is given as,
The symbol vector S is made by N/M symbol blocks, corresponding to the messages transmitted by multiple users of the system, while Z p denotes the zero-padding vector of length N z p . Without losing generality, we consider the special case of M = N , also referred to as single user case. The length of V cs is,
where F ov is the oversampling factor, defined as, [7] . The oversampling factor should be chosen as a power of 2. The role of F ov in CE-OFDM waveform formation is critical and will be discussed in the following. The next step is the computation of the
It is easy to verify that such computation provides the real-valued oversampled OFDM sequence as follows [7] ,
{S k } and {S k } are, respectively, the real part and the imaginary part of the data symbols {S 1 , S 2 . . . , S N }. Afterwards, the nonlinear phase modulation is applied to the realvalued OFDM sequence of (1). The discrete-time sequence, u n , obtained at the output of nonlinear phase modulator having 0 dB PAPR is given as,
where 2πh is the angular modulation index measured in radians and Γ = 6 N (L −1) is the normalization constant, defined in [7] . The cyclic prefix of length N cp is then appended to (4) . A Digital-to-Analog (D/A) conversion of the cyclic-prefixed CE-OFDM sequence with sampling rate 1/T is performed. The transmitted CE-OFDM signal is thus given as,
where A c , f 0 , and ϑ are the amplitude, frequency and phase of carrier signal, respectively, while φ (t) = 2πhΓX (t) is the analog real-valued OFDM signal modulating the carrier phase (X (t) is the D/A converted sequence X n of 1). The received baseband CE-OFDM signal can be expressed, after CP removal, as follows [7] , r Frequency-domain equalization (FDE), applied to the received signal of (6) as given in (7);
r Phase demodulation applied to the FDE output [7] ;
where β k is the equalizer response on kth subchannel and
The phase demodulation provides the estimate of the real-valued OFDM sequence as follows,
Basically, phase demodulation is performed by means of the arctangent (ARC) operation, namely:φ (n) = arctan (Q ρ n /I ρ n ) [7] . It should be highlighted that arctangent demodulation is not the optimum detection for CE-OFDM signal, as it does not comply with the maximum-likelihood (ML) criterion [9] . CE-OFDM is substantially obtained by applying a nonlinear transformation (i.e., the phase modulation) to an OFDM signal. It is known that the ML detection of nonlinearly transformed OFDM signals is intractable from a computational viewpoint. ARC detector simply performs a nonlinear compensation of phase modulation. Such combination of nonlinear operations, imposed to the original OFDM signal, involves some critical issues due to the presence of frequency-selective channel response and additive background noise. The most significant is related to phase wrapping. The arctangent function providesφ (5) is highly fluctuating, phase wrapping occurs at the output of phase demodulator, resulting in burst errors at the output of QAM demodulator. As mentioned in [7] and [23] , the oversampling of the transmitted OFDM sequence is generally an efficient countermeasure against phase wrapping. For a fixed N , the dynamic range of the real-valued OFDM signal modulating the carrier phase is limited by oversampling (see [24] for a detailed theoretical analysis applied to generic OFDM signals) and thus occasional jumps at the output of phase demodulator occur with less likelihood. It is worth mentioning here that increasing the oversampling factor F ov increases N D F T and the computational complexity of TX/RX chain without significant performance improvement. The minimum value for the oversampling factor is 2, but, in general, F ov = 4 and F ov = 8 are advisable in order to obtain good BER performance thanks to diminishing phase wrapping [7] . Normally, phase unwrapper is employed after the arctangent demodulator for low values of F ov , higher modulation order and higher modulation indexes [25] (typically: 2πh > 0.7). Phase unwrapping solves the wrapping issues at high SN R regimes, whereas in noise dominant environments phase unwrapping errors (cycle slips) can cause severe performance degradation. Channel coding used in conjunction with interleaving is effective against burst errors and improves system performance, as shown in [25] . Moreover, authors in [25] indicate that phase unwrapper results in a reduced coding gain and, thus, avoid phase unwrapping for applications requiring high data rates obtained with robust channel codes.
The practical implementation of the ARC demodulator is not trivial as remarked in [22] because the computation of the arctangent function can require up to 12 CORDIC iterations to attain 0.1 degree accuracy. The alternate solution relies on accurate Look-Up- Table ( LUT)-based implementation that is expensive in terms of storage space. Solutions chraracterized by lower complexity have been proposed in [22] . These solutions calculates the Taylor series expansion of received in-phase and quadrature components of the baseband exponentially-modulated CE-OFDM signal as, e j φ(t) = cos(φ(t)) + j sin(φ(t)) = I(t) + jQ(t) (9) For low modulation indexes, higher order terms in Taylor series expansion are neglected, and I (t) and Q (t) can be expressed as follows,
From (10) and (11), two simplified receiver schemes are derived in [22] . Using (7), the first one is the Basic Linear Receiver (BLR), works as,
and the second one is the Enhanced Receiver (ER),
The BLR effectively works only for low modulation indexes, i.e., 2πh 0.5, while the ER generally yields good performance for moderate modulation indexes 0.5 2πh 0.7, for which the cubic term of the Taylor series expansion becomes significant. BLR and ER eliminate the need for phase unwrapper and can work with reduced oversampling factor. Moreover, such simplified detection schemes can even improve BER performance w.r.t. the ARC detector, in particular, when low-rate channel coding is introduced in the transmission system. However, the impact of phase noise is critical with these simplified receivers because the behaviour of phase noise at the output of the nonlinear phase demodulation is not the same as that in ARC detector. Assuming that only phase noise is present in the link, the output of the BLR can be derived as follows,
where φ n and ψ n are the nth sample of the phase-modulating signal and phase noise, respectively. It can be seen from (14) that the existence of multiplicative phase noise term ψ n together with φ n in the estimated sampleX n . For what concerns ER detector, it considers higher order terms of Taylor series for which multiplicative noise terms exist, as shown in the following,
From the equations shown above, it can be concluded that ER is, in principle, more vulnerable to phase noise than BLR. Despite this, in our performance evaluation we shall consider the ER because it clearly outperforms BLR in presence of additive noise and multipath, when reasonably high modulation indexes are employed.
B. Constant-Envelope Single-Carrier OFDM (CE-SC-OFDM)
The constant-envelope DFT-precoded OFDM has been proposed for multiple access systems in [8] . It is based on the application of DFT precoding (see Fig. 1 ) on the block of M input L-QAM information user symbols, expressed as follows,
The rest of the transmission/detection chain is substantially unmodified as compared to that of CE-OFDM, shown in Fig  1. The nonlinear phase demodulation is implemented with the same methodologies considered for CE-OFDM, namely: ARC, BLR and ER. After the phase demodulation, the DFT-based demultiplexing, and subcarrier demapping, the M -point I-DFT decoding recovers the transmitted L-QAM information symbols. The theoretical motivation behind CE-SC-OFDM waveform is intrinsically the reduced PAPR of SC-OFDM w.r.t OFDM; thus, the amplitude of real-valued SC-OFDM signal is less fluctuating. This straightforwardly leads to a modulating phase signal φ (t) characterized by reduced probability of crossing the ±π boundary. Such a behavior is dramatically evidenced in Fig. 2 , where the empirical complementary cumulative distribution function (CCDF) of the absolute peak values of φ (t), namely: P (t) = max {|φ (t)|}, is shown for three different L − QAM modulation constellations. Thanks to these favourable features, CE-SC-OFDM should be regarded as a valuable candidate waveform for 5G.
C. The Influence of Modulation Index on CE Multicarrier Link Performance
The modulation index is perhaps the most critical parameter of CE multicarrier systems that requires detailed analysis. It is possible to analytically evaluate the impact of modulation index on CE multicarrier system performance in AWGN channel only when AWGN becomes addititve at the output of the phase demodulator. As shown in [7] , this is verified when
where N 0 being the AWGN power spectral density. Under such condition, a lower BER bound on CE-OFDM and CE-SC- OFDM for the AWGN case that holds for high SNRs can be computed [7] ,
In high noise environments, when CN R in (17) is less than 10dB, we shall notice a considerable BER increase w.r.t. the lower bound of (18) due to nonlinear noise effects that are specific to phase modulated systems.
As far as transmission over flat Rayleigh fading channel is concerned, a lower bound on BER is provided in [7] for CE-OFDM working in high SNR regime,
where,
where α is the average power attenuation of Rayleigh channel. No closed form analytical BER formulation can be straightforwardly derived for the most relevant technical case of frequencyselective fading channels with FDE. However, with the help of computer simulations system performance can be evaluated. The analytical approximations of (18) and (19) , although ignoring threshold effect and burst errors due to phase wrapping, may help readers about the key role played by the angular modulation index in determining the link performance. The use of low modulation indexes (2πh ≤ 0.5) reduces the probability of phase wrapping and, therefore, limits error clusterization. But, as a drawback, such low indexes consistently reduce the destination signal-to-noise ratio and cause BER to increase, as made evident by (18) and (19) . On the other hand, higher modulation indexes 2πh ≥ 1 are convenient, when higher order L-QAM constellations are employed. However, an arbitrary increase of 2πh introduces unrecoverable error clusterization with consequential error-floor that is also noticed in AWGN channel [7] . Experimental results suggest that lowerorder modulations generally work better with modulation indexes lower than 1 whereas spectrally-efficient constellations may consider higher modulation indexes. It should be taken into account in all cases that the modulation index does not only impact on link performance, but also on the bandwidth occupation and spectral efficiency of CE multicarrier transmission, as explained in the next subsection.
When the simplified receiver schemes of [22] are used, the modulation index setting presents some additional tradeoffs. For instance, BLR works well at low modulation index (2πh ≤ 0.5) mainly because higher order terms are neglected in computation of the Taylor series expansion. Increasing the modulation index to greater than aforesaid value causes irreducible error floor thanks to distortion created by higher order terms that are no longer negligible. It is worth noticing that CE multicarrier transmission with higher order QAM constellations are more sensitive to the distortion involved by the ignored Taylor series terms. Therefore, higher-order QAM constellations will require lower modulation indexes to work with BLR. On the other hand, ER has been designed in order to reduce the distortion due to the cubic term of the Taylor series. In [22] , the variance of the residual cubic term distortion affecting the ER receiver has been explicitly computed as,
where N distort k is the number of subcarriers that produce distortion on the kth subcarrier (see [22] for further details). It is clear from (21) that modulation indexes higher than 1 are not advisble for ER receiver.
D. Spectral Efficiency of CE Multicarrier Signals
The spectral efficiency of CE-OFDM and CE-SC-OFDM transmission expressed in terms of b/s/Hz throughput is given by the following formula [7] , [8] ,
where W is the bandwidth of the main spectrum lobe. As compared to the spectral efficiency of OFDM and SC-OFDM, we notice a decrease, depending on the modulation index, of at least 50%, when 2πh ≤ 1 is employed. This tradeoff is involved by the real-valued multicarrier phase-modulating signal φ (t), characterized by double-sided power spectrum. Thus, the 0 dB PAPR and the augmented frequency diversity are paid in terms of reduced spectral efficiency. However, as clearly shown by simulation results in Section V, the advantages achieved by CE multicarrier waveforms in terms of link performance and goodput clearly compensate this limitation. A critical issue concerning CE multicarrier signals is related to the sidelobe spectrum power level. It is shown in [23] that the sidelobe power level of CE-OFDM is considerably higher than that of OFDM counterpart, in particular for W < f ≤ 2W . Such a spectral regrowth is consequential to the nonlinear transformation of the multicarrier signals imposed by the phase modulation. The use of post-filtering applied to the transmitted signal in order to reduce the sideband spectrum leakage is not advisable, because it would increase PAPR beyond 0dB. A better solution could be represented by the spectral precoding of the input L-QAM symbols, proposed by Chung in [23] . Spectral precoding dramatically reduces the sidelobe power level of the transmitted CE-OFDM signal by introducing frequency domain correlation among complex QAM symbols without any PAPR increase. In such a case, the tradeoff will be in terms of increased computational burden of the receiver system due to spectral decoding and to a slightly noticeable BER performance degradation w.r.t. the uncoded case.
E. Critical Comparison With State-of-the-Art Multicarrier Waveforms
The waveform design concept shown in [5] and [13] is clearly driven by the necessity of maximum exploition of existing frequency bands in the sub-6 GHz domain. Substantially, linear signal processing and filtering are required at subcarrier level in order to reach the expected target. From this viewpoint, FBMC seems the best solution as it provides a multicarrier signal that is regarded as multi-channel signal, where each subcarrier corresponds to a separate channel carrying transmitted information independently. Some of distinguished features of FBMC signal are spectral compactness, efficient utilization of bandwidth as FBMC avoids the cyclic prefix, and is very suitable to occupy unused spectrum portions in cognitive and opportunistic manner. In our opinion, FBMC and similar waveforms are best suited to assure the coexistence of 4G services in 5G, using the bandwidth portions already occupied by LTE services.
Moving higher in frequency spectrum to the mm-Wave domain, the waveform design requirements vary from those in lower spectrum. The analysis and modeling of mm-Wave urban propagation environments reported in [2] and [26] confirm that the biggest issue that still hinders the exploitation of enormous millimetric bandwidth resources is related to the huge pathloss and shadowing. The high PAPR of state-of-the-art multicarrier waveforms require large IBO values to work with saturating amplifiers, hence minimizing the efficiency of RF power amplifier and increasing power consumption. Moreover, the large bandwidth availability (up to 10 GHz in the E-band) allows to relax the severe constraints on spectral efficiency and reduced spectrum leakage. Another key issue is related to phase noise that severely impacts on link performance of high-bit-rate conventional OFDM-derived mm-Wave transmission, while CE multicarrier modulations look overall more resilient to such impairment. From these viewpoints, CE multicarrier waveforms look better tailored to support 5G broadband mm-Wave applications.
Some noticeable features of "OFDM-inspired" waveforms are also maintained by CE multicarrier counterparts, such as the full-digital signal synthesis obtained by means of IDFT/DFT processing tools and the capability of providing flexible orthogonal multiple access in the downlink. On the other hand, CE-OFDM and CE-SC-OFDM present some weaknesses that can be listed as follows: r Nonlinear arctangent modulation is not trivial to be implemented and introduces phase wrapping and unwanted bursts of errors. Simplified detection schemes effectively work only with low modulation indexes and look more vulnerable to phase noise; r Orthogonal multiple access cannot be straightforwardly provided in the uplink. To sum up, CE multicarrier waveforms cannot be regarded as "the solution" to any 5G broadband transmission; rather just a very efficient solution for some specific applications that may coexist with other waveforms for different application contexts and operating at other frequencies.
IV. THE APPLICATION SCENARIO
A. Scenario Description
As anticipated in Section I, a short-range outdoor picocell downlink scenario is considered in order to assess the effectiveness of the CE multicarrier waveforms. As mentioned in [27] , a large part of wireless traffic is concentrated in hot zones of limited extension. Therefore, an effective method to enhance the quality of experience for the users is to add new nodes like indoor femtocells and outdoor picocells in hierarchical cell structures, which could significantly shorten transmission distances and allow the efficient reuse of radio resources [27] . The coverage of outdoor picocells is limited by antenna heigth and power capabilities. 3GPP standardization group considers a maximum coverage radius for sub-6 Ghz LTE-A picocells of 40 m [28] . If mm-Wave bands are considered for broadband transmission, the coverage radius should be conveniently reduced to 10 m. Such cell size reduction is fully compliant with the trend to densification characterizing 5G networks. In our scenario, we shall evaluate the link performance and the reachable throughput vs. radial distance in a single picocell. Multi-cell hierarchical scenarios dealing with the issue of inter-cell interference management, like those shown in [27] , will be considered in future works.
B. Millimeter-Wave RF Design
Our picocell base-station makes use of a Surface Integrated Waveguide (SIW) slot array [29] . This solution has been chosen since it is low cost, w.r.t. classical waveguide solutions, and low profile, w.r.t. reflectors, even at the selected nominal frequency of 73 GHz [30] , [31] . SIW are integrated waveguidelike structures fabricated by using two periodic rows of metallic vias connecting the top and the bottom ground planes of a dielectric substrate. They are very promising since they combine most of the advantages of planar printed circuits (compactness, light weight, easiness to fabricate, flexibility, and low cost) and of metallic waveguides (low losses, complete shielding, power handling). Moreover, SIW structures allow integrating active circuits, passive components and radiating elements on the same substrate [32] . For applications in mm-Wave band, multi-layer fabrication techniques like LTCC (Low Temperature Co-fired Ceramics) can be conveniently employed for mass-market production [33] . Here, the antenna has been designed to generate a cosecant squared pattern in the elevation plane so to provide an uniform incident power density, for any user position, in the coverage area of almost 40
• [34] . This is shown in Fig. 3 by the ideal mask (blue curve), described by 18 + 20 * log 10 sin θ m in sin θ with θ min ≤ θ ≤ θ max , where θ min = 5
• and θ max = 40
• . Moreover, the antenna shows a half power beam width (HPBW) of 33
• in the azimuthal plane. Fig. 4 shows the slots and pins layout for the proposed antenna. It can be noted that the antenna is implemented by repeating a basic slot array structure, made by thirteen slots. The substrate used is RT-DUROID 5880 ( r = 2.2 and tan δ = 0.0009). All the metallic vias have 0.2 mm diameter and 0.4 pitch size [35] and all the slots are 0.1 mm wide. For the array radiation pattern synthesis, an alternate projection method has been used by forcing the coefficients of the Schelkunoff polynomial to be symmetrical complex conjugate. Thus, it allows applying the classical method described in [36] . To take into account the mutual coupling between the slots, an iterative method that makes use of a full wave analysis of the entire structure has been applied to determine the optimal length and position of each slot [35] . In Figs. 5 and 6 they are shown the normalized conductance and susceptance associated to each slot respectively, at the beginning and at the end of the iterative process, compared to the theoretical ones. The length and position of each slot with respect to the waveguide axis, shown in Table I , correspond to the final values, which give origin to the gain patterns in Fig. 3 . It is worth noting that a good similarity of the gain patterns is obtained in 1 GHz bandwidth. The antenna gain is almost 20 dBi, corresponding to a radiation efficiency higher than 75%.
C. Pathloss and Shadowing in the E-Band
In the design of mm-Wave transmission systems, the impact on link budget of large-scale propagation phenomena should be carefully assessed. Indeed, pathloss affecting mm-Wave bands is much larger than that measured in sub-6 GHz bands. The comprehensive link attenuation due to large scale propagation, denoted by L p , can be expressed as follows,
where PL represents the distance pathloss, L O 2 represents the oxygen absorption, L rain denotes the rain attenuation and s is the shadowing contribution modeled using a Gaussian random variable with zero mean and standard deviation depending on the specific propagation environment. In Table II , the analytical modeling and the parametrization of PL are conveniently summarized (model and numerical parameters are taken from [2] ). As far as rain attenuation and oxygen absorption are concerned, their effects in very short-range communication scenarios, considered in this paper, are overall negligible, therefore, L O 2 = L rain ≈ 0dB. It can easily be noticed from Table II that the pathloss measured in LOS propagation condition is much more favourable than that measured in the NLOS case. The same happens for the shadow standard deviation, which equals to 5.8 dB in case of LOS propagation, while the corresponding NLOS value is 8.0 dB [2] .
In Fig. 7 , the achievable link signal-to-noise ratio, computed over a bandwidth slot of 500 MHz, is plotted vs. distance for the considered outdoor picocell scenario in case of LOS and NLOS propagation. The transmit antenna is the SIW array detailed in subSection IV-B. The receive antenna of the user terminal is assumed to be isotropic and loseless. The background noise spectral density is assumed equal to −174 dBm/Hz. The shadow margin has been computed in order to obtain an outage probability at the cell edge equal to 95% that is acceptable for services like multimedia content delivery and web surfing, typically offered by small outdoor hotspots. The height of the radiating elements and the transmitted power per sector are assumed equal to 3 m. and 12.5 dBm, respectively. The latter value represents the saturation power provided by the nonlinear 73 GHz SSPA of [37] . The curves of Fig. 7 clearly show that the occurrence of NLOS propagation corresponds to outage at cell border, as the measured SNR is inferior to -5 dB that is well below any acceptable quality threshold. On the other hand, in the LOS case, the SNR at the cell border is around 10 dB that may represent a reasonable value. The three-state channel model proposed in [2] and detailed in Appendix A indicates that the considered outdoor picocell scenario belongs to the LOSdominant propagation region, with a LOS probability at the cell border equal to 86%.
D. Coded Modulation Design
For the baseband section of the picocell transmission system we adopt a design criterion quite similar to that considered in [21] . Substantially, in [21] , variable-rate punctured trellis coding has been configured so that largest coding gains are associated to lower order QAM constellations and vice versa. This rate allocation tightly fits with the requirements typical of broadband short-range connectivity, where the highest throughput is expected to be reached very close to the access point, while at longer distances, lower throughput is anyway guaranteed by fostered coding and modulation arrangements. Trellis coding is no longer the baseline solution in emerging wireless standards, because turbo and Low-Density Parity Check (LDPC) coding show performance closer to the theoretical bounds. In the present work, we have chosen as baseline solution punctured turbo coding, as considered in LTE and LTE-A. Modulation constellations and turbo coding rates employed for our assessments, namely: 4-QAM with 1/2 rate, 16-QAM with 3/4 rate and 64-QAM with 5/6 rate, have been taken by [38] , ch.11, sect. 11.3.4.2, pp. 298. Turbo coding will be then compared with LDPC that is currently under consideration for 5G systems thanks to the lower complexity of decoding operations, noticed, in particular for higher code rates [39] .
V. SIMULATION RESULTS AND ANALYSIS
A. Simulation Strategy
In order to assess the investigated CE multicarrier waveforms in the outdoor picocell scenario, we evaluate the performance with different series of results, obtained by means of MATLAB simulation trials of the end-to-end transmission system shown in the block diagram of Fig 1. The first series, discussed in subSection V-C, will focus on the mere link performance evaluation in terms of "raw" uncoded BER vs. per-bit signal-to-noise ratio
, attained by CE-OFDM and CE-SC-OFDM waveforms and compared with state-of-the-art OFDM and SC-OFDM. We have not considered the comparison with FBMC, GFDM and UFMC, because the link performance provided by these OFDM-derived techniques in the presence of frequency-selective fading is comparable with that of the originating multicarrier techniques [13] ; therefore such comparison would have been redundant. Similar considerations can be drawn also for the impact of nonlinear amplification. Without channel coding, it is easier to observe the distortion effects and to compare the simulated BER curves with the analytical lower bounds. The most significant link performance degradation factors will be under-study in this work, namely: frequency-selective multipath propagation, nonlinear distortions due to saturating power amplifiers and phase noise. The effect of nonlinear amplifications and the impact of phase noise will be dealt in separate plots for the sake of clarity and readability of the numerical results. The ideal knowledge of Channel State Information (CSI) has been assumed for all performed simulation trials, while Minimum Mean Square Error [45] (MMSE) based frequency-domain equalization is adopted at receivers of all considered waveform designs. For the sake of clarity, we are not presenting results with BLR detector as BLR shows inferior performance and only works at low modulation indexes as compared to ER and ARC detectors. The second series of simulation results, detailed and discussed in subSection V-D, are aimed at providing an assessment of the radial coverage of the picocell downlink. In other words, we shall show some curves plotting the BER attained by the different evaluated waveforms vs. the radial distance of the user terminals from an immobile access point. In these simulation trials, the SNR values vs. radial distance, shown in Fig. 7 , are sent as input to the MATLAB simulator. Then, we shall map the achieved BER results into goodput values, obtained by the analytical bound of [40] computed by Padhye et. al. for terrestrial TCP/IP networks. In order to test the coverage reached by the different assessed waveforms in realistic manner, we have considered the simultaneous presence of all the impairments, as mentioned earlier, affecting the real transmission, namely: LOS multipath propagation (NLOS is regarded as outage, as claimed in subSection IV-C), nonlinear amplifier distortion and phase noise. As these simulations trials aim to be as much realistic as possible, channel coding has been introduced; in particular, turbo and LDPC coding designed according to the guidelines illustrated in subSection IV-D.
B. Channel Modeling and Simulation Parameters
As the presence of the LOS component is a dominant condition in short-range networking scenarios like outdoor picocells [41] , we shall consider a quasi-static 73 GHz Ricean clustered multipath channel, whose impulse response has been generated based upon the guidelines shown in [42] and [43] . The Rice factor has been assumed equal to 10 dB, according to what stated in [43] .
As far as the nonlinear amplifier is concerned, the P in vs. P out points of the real SSPA power characteristic taken by [37] have been fitted by a 7th-order polynomial model [44] in order to reach the best match between the real and the simulated characteristic. Input power backoff IBO = 15 dB is required by this device to resort to linear amplification. The corresponding output backoff (OBO) equals to 7.5 dB.
Phase noise SSB power spectral density (PSD) of the 73 GHz Voltage Controlled Oscillator (VCO), supplied by the Rosa MWave Solutions, LLC (Danver, MA) [45] , has been considered in our simulations in order to provide realistic phase noise parameterization. The related PSD values (expressed in dBc/Hz) are shown in Table III .
The simulation parameters related to the CE-OFDM transmission system are finally reported in Table IV , along with the specification about their usage in the concerned simulation series. Regarding the analytical computation of TCP/IP link goodput of [40] , the numerical parameterization of such a formulation has been reported in Table V .
C. Link Performance Evaluation
In the first set of link performance, the impact of nonlinear distortions are analysed in the system for LOS propagation multipath channel, shown in Fig. 8, 9 and 10. Modulation indexes for CE-multicarrier systems are chosen through ad-hoc offline simulations that are not reported here for sake of brevity. We would like to emphasize about 0 dB input power backoff requirement for considered CE multicarrier systems, whereas IBO = 15 dB is applied to OFDM transmission using all the considered modulation formats, in order to avoid an irreducible error-floor. Such high value of IBO is also considered for SC-OFDM systems with 16-QAM and 64-QAM. Moreover, SC-OFDM with 4-QAM is characterized by low PAPR and does not require IBO for its operation. The link performance improvement achieved by CE-OFDM and CE-SC-OFDM against the conventional multicarrier counterparts is far-reaching, accounted in tenths of dB in most of the analysed cases. This is not only due to the better exploitation of available power resources but also because of intrinsic resilience of CE multicarrier waveforms against frequency-selective multipath fading. Between CE-OFDM and CE-SC-OFDM, better performance is attained by the latter, as expected, thanks to the reduced envelope fluctuation causing error clustering, as mentioned in Section III-B. The use of ARC detector exploits higher modulation indexes that are clearly advantageous, in particular when higher-order symbol constellations are considered. It is worth noticing that the BER curves provided by CE-OFDM and CE-SC-OFDM using the ARC detector approach the theoretical AWGN bound of (18) . On the other hand, the simplified ER scheme of [22] fairly works with low modulation index for higher order of modulation constellations as seen in Fig. 9 and 10. We can say that ER detector can support 64-QAM modulation with modulation index of 0.2 rad, whereas ER can support a modulation index as high as that of ARC detector only when CE-SC-OFDM with 4-QAM is considered (i.e., 0.7 rad). It can seen in Fig. 8 , ER outperforms ARC because the former effectively overcomes the problematic issue of error clustering due to phase wrapping/unwrapping.
In the second share of link performance, we analyse the impact of phase noise on link performance evaluated in Fig. 11,  12 and 13, where we assume linear amplification. The BER values obtained by simulations performed with the noisy oscillator of [45] are compared with that obtained by the transmission system working with ideal oscillator. The robustness of CE multicarrier waveforms against phase noise effects is evident when ARC detector is adopted, in particular when 4-QAM and 16-QAM symbol constellations are used for data transmission. It is noticed in Fig. 11 and 12 that the related BER curves tightly approach the ones that are obtained by the simulations run with the ideal oscillator. A valuable degree of resilience is also provided by SC-OFDM, thanks to its well-recognized lower sensitivity to frequency and phase offsets [3] . Unlike CE-SC-OFDM, CE-OFDM can be significantly impaired by phase noise, for instance in Fig. 13 where a residual error-floor lower than 10 −6 is noticed for 64-QAM CE-OFDM using the ARC detector. More importantly, low complex ER detector with CE-SC-OFDM provides robustness against phase noise, whereas CE-OFDM using the ER detector is prone to phase noise, especially when higher modulation order is considered. It has now become evident from above analyses that CE-SC-OFDM provides robustness against phase drifts due to nonlinear noise effects and nonideal noisy oscillators in mm-Wave multipath channels.
D. Coverage Analysis in the Outdoor Picocell Application Scenario
The RF link budget analysis, shown in subSection IV-B and IV-C, lays foundation for the coverage analysis in the outdoor picocell scenario, described in subSection IV-A. In Fig. 14, radial coverage from access point has been shown for the different assessed waveforms with pico-cell radius of 10 m. is considered. As mentioned in subSection IV-D, the performance comparison between turbo and LDPC coding systems will be shown. For such analysis, CE-OFDM and CE-SC-OFDM with only ARC detector are considered becuase of the resilient characteristics against frequency selective fading and phase noise, noticed in the generality of the performed simulation trials. We assume a BER threshold of 10 −5 as the maximum acceptable value in order to achieve a satisfactory QoS. Figs. 14(a) , related to turbo coding, and 14(b), related to LDPC coding, overall show a dramatic performance improvement attained by CE multicarrier waveforms. BER measured for CE-OFDM and CE-SC-OFDM with 4-QAM modulation and 1/2-rate coding (both turbo and LDPC) is much lower than 10 −5 through the overall cell extension and, therefore, not shown in the plots. Clearly, CE-SC-OFDM performs better than CE-OFDM and claims capacity as well as coverage in pico-cell downlink scenarios. For instance, CE-SC-OFDM with turbo-coded 16-QAM attains BER always less than 10 −5 throughout the picocell radius, while the corresponding CE-OFDM transmission trespasses the 10 −5 threshold at a radial distance of about 7.7 m. On the other hand, conventional multicarrier transmission systems are severely impaired by multipath fading, phase noise and, mostly, by the IBO imposed by nonlinear amplification. Higher order turbo-coded M-QAM modulations are capable of providing acceptable BERs only when the user terminal is very close to access point. Only OFDM/SC-OFDM with turbo-coded 4-QAM and SC-OFDM with LDPC-coded 4-QAM seem to be competitive for longer distances, but paying the price of a limited spectral efficiency. The performance comparison between turbo and LDPC coding applied to CE multicarrier waveforms clearly looks in favor of punctured turbo coding, at least in the considered mmWave scenario, characterized by clustered fading, phase noise and nonlinear demodulation effects. The only exception is represented by conventional SC-OFDM with 3/4-coded 16-QAM modulation. In such a case, LDPC slightly outperforms turbo coding. Results of Fig. 14(a) and 14(b) substantially confirm the claims of some recent works analysing the candidate techniques for 5G channel coding, like e.g. [46] , that rank turbo codes in pole-position, although recognizing to LDPCs unquestionable advantages in terms of reduced decoding complexity. The mapping of BER results shown in Fig. 14 into the TCP link goodput provided by the analytical bound of [40] , normalized w.r.t. the occupied bandwidth, fully confirms the great capacity improvement yielded by CE multicarrier modulations, as compared to conventional solutions. Such results are shown in Figs. 15(a) for turbo coding and 15(b) for LDPC coding. SC-OFDM can reach the highest goodput (2.56 b/s/Hz) thanks to 16-QAM modulation and 3/4-rate coding, but only for d = 0 m (turbo coding) and d = 0.5 m (LDPC coding). As the distance from access point increases, the BER performance drastically degrades for conventional multicarrier techniques. Robust 1/2-coded 4-QAM modulation can meet QoS requirements, but only for d ≤ 7 m. On the other hand, CE-SC-OFDM can provide 1.28 b/s/Hz throughout the picocell coverage with 16-QAM modulation and 3/4 punctured turbo coding, achieving a 50.23% gain w.r.t. the conventional multicarrier solutions. The same goodput is reached at shorter distances by 16-QAMmodulated CE-OFDM, using either turbo or LDPC coding, and by CE-SC-OFDM using LDPC coding. The highest goodput attained by CE multicarrier techniques (2.13 b/s/Hz) can be . From these results, the broadband coverage is guaranteed by CE multicarrier waveforms for up to 50% of the picocell area. It should be noticed that the availability of such a goodput is subjected to the link availability considered to compute the shadow margin (i.e., 95%) and by the probability of LOS state that varies with the radial distance, computed according to the analytical formulation reported in [2] and shown in Appendix A. Goodput availability, expressed in percentage, against the radial distance is shown in Fig. 15 by means of a dedicated ordinate axis. At the picocell border, the plotted goodput values are available for 81.7% of service time that is satisfactory enough for the applications typically supported by picocells, for instance: multimedia content retrieval and internetworking for leisure.
VI. CONCLUSION
In this paper, novel waveform candidates are considered for mm-Wave broadband 5G communications, namely: ConstantEnvelope OFDM (CE-OFDM) and Constant-Envelope SC-OFDM (CE-SC-OFDM). Their effectiveness for very high data-rate applications in millimeter wave urban channels have been studied first on the basis of theoretical considerations about waveform formation and resilience against mm-Wave propagation impairments and, afterwards, proven by computer simulation, considering a realistically-modeled outdoor picocell downlink scenario. Despite the issue of the 50% and more throughput reduction due to the increased bandwidth occupation, CE-OFDM and CE-SC-OFDM dramatically outperform the conventional multicarrier counterparts, both in terms of lower BER, and in terms of augmented coverage and network capacity. Future work may concern the performance assessment of the investigated CE multicarrier waveforms when they exploit spectral precoding to reduce sidelobe power level. Another interesting assessment could be related to the impact of nonideal channel estimation on link and capacity performance. From the receiver implementation viewpoint, some research efforts could be spent in order to study computationally-affordable near-optimal detection strategies, for instance considering iterative approaches and/or optimization algorithms able at reducing in effective manner the tremendous size of the ML search space.
APPENDIX A THREE-STATE MM-WAVE CHANNEL MODEL
In [2] , the probabilistic analyses w.r.t. the link distance (d) for the three-state channel model are represented as follows: 
The parameters used in (24)- (26) have been derived in empirical manner from the NYC measurement campaign, where 1/a LO S = 67.1 m, 1/a out = 30.0 m. and b out = 5.2.
